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The evolution of salar perturbations is studied for 2-omponent (non-relativisti matter
and dark energy) osmologial models at the linear and non-linear stages. The dark energy
is assumed to be the salar eld with either lassial or tahyoni Lagrangian and onstant
equation-of-state parameter w. The elds and potentials were reonstruted for the set of os-
mologial parameters derived from observations. The omparison of the alulated within these
models and observational large-sale struture harateristis is made. It is shown that for
w = const suh analysis an't remove the existing degeneray of the dark energy models.
Introdution
The observations of the last deade surely onrm the aeleration of the osmologial ex-
pansion. The explanation of this fat needs the assumption that the main part  approxi-
mately 70%  of the energy density of the Universe belongs to the mysterious repulsive om-
ponent alled dark energy. The simplest model desribing satisfatory almost the whole
set of the experimental data is ΛCDM-one. Here dark energy is identied with the Λ-term
in the Einstein equations. However, in this ase there are several interpretational problems,
whih suggest that another solution should be found. The most popular alternative approahes
are quintessential salar elds, i.e. salar elds with the equation-of-state (EoS) parameter
−1 < wde ≡ pde/ρde < −1/3. The simplest physially-motivated Lagrangians are the lassial
and tahyoni ones. The rst of them is the simple generalization of the non-relativisti par-
tile Lagrangian to the eld while the seond (alled also the Dira-Born-Infeld one)  of the
relativisti partile one [3, 11, 27, 28, 31℄. The Lagrangian of lassial eld has the anonial
kineti term, the Lagrangian of tahyon eld has the non-anonial one.
As soon as the analysis of dynamis of expansion of the Universe [32℄ doesn't allow us to
hoose the most preferable by the observational data model of salar eld dark energy, here we
fous on study of the evolution of salar perturbations and the large-sale struture formation
in the Universe lled only with the non-relativisti matter and either lassial or tahyoni eld
minimally oupled to it. It should be noted that the behavior of perturbations has already been
studied for dierent lassial salar elds more widely [5, 6, 34℄ than for tahyoni ones [1, 10℄.
The parametrizations of salar elds, their impat on formation of the large-sale struture of
the Universe as well as on osmi mirowave bakground anisotropy are widely disussed in the
literature (see, for example, [9, 13, 14, 29, 30℄ and iting therein). In this paper we analyse the
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models with reonstruted for wde = const potentials of the lassial and tahyoni salar elds
and ompare the obtained results to the ΛCDM-ones.
1 Cosmologial bakground
We onsider the homogeneous and isotropi at Universe with metri of 4-spae
ds2 = gijdx
idxj = a2(η)
(
dη2 − δαβdxαdxβ
)
,
where the fator a(η) is the sale fator, normalized to 1 at the urrent epoh η0, η is onformal
time (cdt = a(η)dη). Here and below we put c = 1, so the time variable t ≡ x0 has the
dimension of a length, and the latin indies i, j, ... run from 0 to 3, the greek ones  over the
spatial part of the metri: ν, µ, ...=1, 2, 3.
If the Universe is lled with non-relativisti matter (old dark matter and baryons) and
minimally oupled dark energy, the dynamis of its expansion is ompletely desribed by the
Einstein equations
Rij − 1
2
gijR = 8piG
(
T (m)ij + T (de)ij
)
, (1)
where Rij is the Rii tensor and T (m)ij , T (de)ij  energy-momentum tensors of matter (m) and
dark energy (de). If these omponents interat only gravitationally then eah of them satisfy
dierential energy-momentum onservation law separately:
T i (m,de)j ;i = 0 (2)
(here and below ;i denotes the ovariant derivative with respet to the oordinate xi). For
the perfet uid with density ρ(m,de) and pressure p(m,de), related by the equation of state
p(m,de) = w(m,de)ρ(m,de), it gives
ρ˙(m,de) = −3 a˙
a
ρ(m,de)(1 + w(m,de)) (3)
(here and below a dot over the variable denotes the derivative with respet to the onformal
time:  ˙ ≡ d/dη). The matter is onsidered to be non-relativisti, so wm = 0 and ρm = ρ(0)m a−3
(here and below 0 denotes the present values).
We assume the dark energy to be a salar eld with either lassial Lagrangian
Lclas = 1
2
φ;iφ
;i − U(φ) (4)
or Dira-Born-Infeld (tahyoni) one
Ltach = −U(ξ)
√
1− ξ;iξ;i, (5)
where φ, ξ are the lassial and tahyoni elds respetively while U(φ), U(ξ) are the eld
potentials dening the models. We suppose also the bakground salar elds to be homogeneous,
so their energy densities and pressures depend only on time:
ρclas =
1
2a2
φ˙2 + U(φ), pclas = 1
2a2
φ˙2 − U(φ), (6)
ρtach =
U(ξ)√
1− ξ˙2/a2
, ptach = −U(ξ)
√
1− ξ˙
2
a2
. (7)
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Then the onservation law gives the salar eld evolution equations
φ¨+ 2aHφ˙+ a2
dU
dφ
= 0, (8)
ξ¨ − aHξ˙
1−
(
ξ˙/a
)2 + 3aHξ˙ + a2U dUdξ = 0, (9)
where H = a˙/a2 is the Hubble onstant for any moment of the onformal time η.
We speify the model of eah eld using the EoS parameter wde ≡ pde/ρde. It is obvious
that the salar eld evolution equations have the analytial solutions for w = const (here and
below we omit index de denoting both  lassial and tahyoni  salar elds for wde). In this
ase another important thermodynamial parameter  the adiabati sound speed c2a ≡ p˙de/ρ˙de
 is equal to w.
The analysis of the dynamis of the Universe expansion for the reonstruted elds with
w = const was presented in [32℄. It doesn't depend on the salar eld Lagrangian and  as a
result  doesn't allow us to distinguish suh models of salar elds. So, in order to hoose the
most adequate to observations type of dark energy we should study at least the linear stage of
the evolution of salar perturbations.
2 Evolution of salar linear perturbations
We derive the equations of evolution of salar linear perturbations in dark energy  matter dom-
inant era by varying of the Lagrange-Euler and Einstein equations in the onformal-Newtonian
frame with spae-time metri
ds2 = a2(η)[(1 + 2Ψ(x, η))dη2 − (1 + 2Φ(x, η))δαβdxαdxβ], (10)
where Ψ(x, η) and Φ(x, η) are metri perturbations, whih in the ase of zero proper anisotropy
of medium (as for dust matter and salar elds) satisfy the onditionΨ(x, η) = −Φ(x, η) exatly
[4, 15℄. In the theory of linear perturbations all spatially-dependent variables are usualy Fourier-
transformed, so, all perturbations  of metri, elds, matter density and veloity  in equations
are presented by their Fourier amplitudes: Ψ(k, η)), δφ(k, η), δξ(k, η), δ(m)(k, η), V (m)(k, η)
et., where k is the wave number. They are gauge-invariant  as it is partiularly disussed in
the original papers [4, 15℄ and numerous reviews (see, for example, [8, 9, 25℄ and iting therein).
The energy density and veloity perturbations of dark energy, δ(de) and V (de), are onneted
with the perturbations of eld variables δφ, δξ in the following way:
δ(clas) = (1 + w)
(
˙δφ
φ˙
−Ψ+ a
2δφ
φ˙2
dU
dφ
)
, (11)
V (clas) =
kδφ
φ˙
, (12)
δ(tach) = −1 + w
w
(
δ˙ξ
ξ˙
−Ψ
)
+
1
U
dU
dξ
δξ, (13)
V (tach) =
kδξ
ξ˙
. (14)
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Other non-vanishing gauge-invariant perturbations of salar eld are isotropi pressure per-
turbations
pi
(clas)
L =
1 + w
w
(
˙δφ
φ˙
−Ψ− a
2δφ
φ˙2
dU
dφ
)
, (15)
pi
(tach)
L =
1 + w
w
(
δ˙ξ
ξ˙
−Ψ
)
+
1
U
dU
dξ
δξ (16)
and intrinsi entropy
Γ(de) = pi
(de)
L −
c2a
w
δ(de). (17)
The density perturbation of any omponent in the onformal-Newtonian gauge Ds ≡ δ, whih
is gauge-invariant variable, is related to the other gauge-invariant variables of density pertur-
bations D and Dg as:
D = Dg + 3(1 + w)
(
Ψ+
a˙
a
V
k
)
= Ds + 3(1 + w)
a˙
a
V
k
, (18)
where Ds, D, Dg and V orrespond to either m- or de-omponent.
2.1 Evolution equations
Evolution equations for salar eld perturbations δφ(k, η) and δξ(k, η) an be obtained either
from Lagrange-Euler equation or from dierential energy-momentum onservation law T i0;i(de) =
0:
δ¨φ+ 2aH ˙δφ+
[
k2 + a2
d2U
dφ2
]
δφ+ 2a2
dU
dφ
Ψ− 4Ψ˙φ˙ = 0, (19)
δ¨ξ +

2aH − 9aH
(
ξ˙
a
)2
− 2U
dU
dξ
ξ˙

 δ˙ξ +
[
k2 + a2
(
1
U
d2U
dξ2
−
(
1
U
dU
dξ
)2)]
×

1−
(
ξ˙
a
)2 δξ − Ψ˙ξ˙ − 3Ψ˙ξ˙

1−
(
ξ˙
a
)2+ 2Ψa2U dUdξ + 6aHΨξ˙
(
ξ˙
a
)2
= 0. (20)
The linearised Einstein equations for gauge-invariant perturbations of metri and energy-
momentum tensor omponents are
Ψ˙ + aHΨ− 4piGa
2
k
[
ρmV
(m) + ρde(1 + w)V
(de)
]
= 0, (21)
V˙ (m) + aHV (m) − kΨ = 0, (22)
D˙g
(m)
+ kV (m) = 0, (23)
V˙ (de) + aH(1− 3c2a)V (de) − k(1 + 3c2a)Ψ−
c2ak
1 + w
D(de)g −
wk
1 + w
Γ(de) = 0, (24)
D˙g
(de)
+ 3(c2a − w)aHD(de)g + k(1 + w)V (de) + 3aHwΓ(de) = 0, (25)
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where
wΓ(clas) = (1− c2a)
[
D(clas)g + 3(1 + w)Ψ + 3aH(1 + w)
V (clas)
k
]
= (1− c2a)D(clas), (26)
wΓ(tach) = −(w + c2a)
[
D(tach)g + 3(1 + w)Ψ + 3aH(1 + w)
V (tach)
k
]
= −(w + c2a)D(tach). (27)
In w = const-ase 1 − c2a = 1 − w, w + c2a = 2w, hene the dierene between equations for
lassial and tahyoni elds isn't big (for w lose to −1  as it follows from the observable
data [16℄) and suggests the similarity of their solutions.
So, in eah ase we have the system of 5 rst-order ordinary dierential equations for 5
unknown funtions Ψ(k, a), D
(m)
g (k, a), V (m)(k, a), D
(de)
g (k, a) and V (de)(k, a) satisfying also the
onstraint equation:
− k2Ψ = 4piGa2 (ρmD(m) + ρdeD(de)) . (28)
2.2 Initial onditions
Now we are going to speify the adiabati initial onditions. The adiabatiity ondition in
two-omponent model gives D
(m)
g = D
(de)
g /(1 + w) [7, 8, 15℄.
Sine the density of the w = const-elds is negligible at the early epoh (a ≪ 1), both
our models are initially matter-dominated. It is known that in suh ase the growing mode
orresponds to Ψ = const. The eld equations of motion for the reonstruted potentials are
following:
δφ′′ +
(
5
2
− 3w
2
Ωdea
−3w
1− Ωde + Ωdea−3w
)
δφ′
a
+
[
k2
H20a(1− Ωde + Ωdea−3w)
+
9(1− w)
4a2
(
2 + w + w
Ωdea
−3w
1− Ωde + Ωdea−3w
)]
δφ−
a−
3w
2
√
3
8piG
Ωde(1 + w)
1− Ωde + Ωdea−3w
4aΨ′ + 3(1− w)Ψ
a2
= 0 (29)
for the lassial eld and
δξ′′ −
(
1
2
+ 3w +
3w
2
Ωdea
−3w
1− Ωde + Ωdea−3w
)
δξ′
a
− w
[
k2
H20a(1− Ωde + Ωdea−3w)
+
9
2a2
(
1 + w
Ωdea
−3w
1− Ωde + Ωdea−3w
)]
δξ −
√
1 + w
H0
√
1− Ωde + Ωdea−3w
(1− 3w)aΨ′ − 6wΨ√
a
= 0 (30)
for the tahyoni one. Here and below a prime denotes the derivative with respet to the sale
fator a and Ωde = ρde/ρc, where ρc ≡ 3H20/8piG.
The ondition Ψ = const for a≪ 1 gives:
δφ =
1√
6piG
√
Ωde(1 + w)
1− Ωde
Ψa−
3w
2 , (31)
δξ =
2
3
√
1 + w
H0
√
1− Ωde
Ψa
3
2 . (32)
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Here Γ(de) = 0.
Using these solutions and equations (11)-(14), (18), (28), one an nd the initial values of
D
(m)
g (k, a), V (m)(k, a), D
(de)
g (k, a), V (de)(k, a):
V (de)init =
2
3
k
H0
Ψinit√
1− Ωde
√
ainit, (33)
D(de)g init = −5(1 + w)Ψinit, (34)
V (m)init =
2
3
k
H0
Ψinit√
1− Ωde
√
ainit, (35)
D(m)g init = −5Ψinit, (36)
whih speify the growing mode of the adiabati perturbations.
2.3 Numerial analysis
We have integrated numerially the systems of equations for dust matter and dark energy
with w = const for the adiabati initial onditions using the publily available ode DVERK1.
We used the set of osmologial parameters from http://lambda.gsf.nasa.gov/produt/map,
assumed Ψinit = −1, ainit = 10−10 and integrated up to a = 1. The evolution of perturbations
is sale dependent, so we performed alulations for k = 0.0001, 0.001, 0.01 and 0.1 Mp−1.
The models with the lassial salar eld are denoted as QCDM, with tahyon  as TCDM.
For omparison we also solve the evolution equations for the ΛCDM-model.
As it an be seen in Fig.1, the simple onlusion, that the behavior of the salar linear
perturbations in the model with the tahyoni eld with w = const should be similar to that
in the model with the orresponding lassial eld, is valid. The urves for both elds almost
overlap, so in this ase it is not possible to hoose the Lagrangian prefered by observations (see
also [35℄).
In both models studied here the matter lusters while dark energy is smoothed out on sub-
horizon sales. Generally, at present epoh the growth of the matter density perturbations is
supressed and  unlike ΛCDM-ase  suh supression is sale dependent, however this depen-
dene is very weak. The dark energy perturbations grow approximately up to the moment of
the entering of partile horizon and start to deay after that (the density perturbation D(de) 
slowly).
Note that the perturbations in suh salar eld models are insensitive to the initial ondi-
tions. Really, if we assume the dark energy to be initially homogeneous (δφ = δφ′ = 0 and
δξ = δξ′ = 0), the results of numerial integration will be the same as in adiabati ase (the
similar onlusion was made in [6, 19℄).
The simplest test for identiation of the soure ausing the aelerated expansion of the
Universe an be based on the ation of the studied elds on osmi mirowave bakground.
Here the main attention should be paid to the temporal variation of the gravitational potential
whih auses the late-time integrated Sahs-Wolfe (ISW) eet. In Fig.2 the evolution of Ψ is
shown for both salar eld models and for ΛCDM-one for the sales of perturbations k = 0.0001,
0.001, 0.01 and 0.1 Mpc−1. It an be easily seen that the sale dependene is weak and there
is no substantial dierene between lassial and tahyoni dark energy. Suh salar elds are
in many senses similar to the osmologial onstant and their behavior is loser to that of the
Λ-term for EoS parameter values loser to −1. The given dependene for ΛCDM-model doesn't
1
It is reated by T.E. Hull, W.H.Enright, K.R. Jakson in 1976 and is available at
http://www.s.toronto.edu/NA/dverk.f.gz
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Figure 1: Evolution of the density (top) and veloity (bottom) perturbations for the non-
relativisti matter (left) and dark energy (right). In the left olumn the sales are k = 0.1,
0.01, 0.001 and 0.0001 Mpc−1 from top to bottom. In the right olumn they are also k = 0.1,
0.01, 0.001 and 0.0001 Mpc−1 from top to bottom for the density perturbations while for the
veloity ones the urves orrespond to k = 0.001, 0.0001, 0.01 and 0.1 Mpc−1 from top to
bottom at a ≈ 1. The osmologial parameters are: Ωde = 0.722, w = −0.972, Ωm = 0.278,
h = 0.697.
allow us to exlude this model using the observational data, beause the dierene between it
and those in models with the salar eld dark energy is not substantial.
It should be noted that negleting of the dark energy perturbations leads to the quasi-
ΛCDM-models, i.e. models in whih the elds aet the growth of the matter perturbations
only through the bakground. In these models the deay of the gravitational potential is sale
independent and lose to the small-sale one in the models with perturbed dark energy (in
agreement with the results of [19℄).
Another possible test is based on the study of ation of dark energy on the lustering proper-
ties of dust matter. However, here we need the analysis of the evolution of salar perturbations
at the non-linear stage.
7
Figure 2: Evolution of the gravitational potential for the sales k = 0.0001, 0.001, 0.01 and 0.1
Mpc−1 (from top to bottom). The urves for QCDM- (solid line) and TCDM- (dotted) models
with the dark energy perturbations overlap.
3 Spherial ollapse in the models with homogeneous dark
energy
The simplest and most popular approah used in the study of the non-linear stage of the large-
sale struture formation is the spherial ollapse model. Within this framework we analyse
the formation of the virialised haloes in the ΛCDM- and in the w = const QCDM- and TCDM-
models with reonstruted potentials, disussed in the previous setions.
The magnitudes of density perturbations of the lassial and tahyoni salar elds with sale
less than the partile horizon are lower than orresponding magnitudes of the matter density
ones by few orders and pratially do not aet their growth. The amplitudes of matter density
perturbations in the QCDM- and TCDM-models grow almost equally in osmologies with the
same parameters. They are also lose to ones in the ΛCDM-models. So, in order to simplify
the disussion of the non-linear evolution of salar perturbations we assume the dark energy
omponent to tend to homogeneity. Other reasons for homogeneous distribution of dark energy
in the regions of matter inhomogeneties see, for example, in [22, 23℄. Hene, the temporal
dependene of the dark energy density is dened by the orresponding bakground equation.
(Struture formation in inhomogeneous dark energy models has been analysed in [26℄.)
The relative perturbation of mass of the dust omponent in the omoving volume v =
4piR3/3 and metri ds2 = dt2 −M2(R)y2(t, R)dR2 − x2(t, R)R2(cos2 θdϕ2 + dθ2) is following
[18℄:
δm =
(
a(t)
x(t, R)
)3
− 1, (37)
where x(t, R) is the loal sale fator derived from the Einstein equation G11 = κT 11 (here Gij is
the Einstein tensor and κ is the Einstein onstant) [18, 17℄:
x¨ = −3
2
pde
ρc
x− 1
2
x˙2
x
+
1
x
Ωf
2
(38)
(in this setion  ˙ ≡ d/H0dt).
8
For the Λ-term we should put pde/ρc = −ΩΛ while for the quintessential dark energy the
relation is pde/ρc = wΩde. The loal urvature parameter Ωf gives the amplitude of the initial
perturbation: δm(t) ≃ 35(ΩK − Ωf )Ω−1m a(t) at a ≪ 1. Sine in the Λ-ase Ωf ≡ Ωf(R) for
the dark energy we should put Ωf ≡ Ωf (t, R) [36, 17℄. It means that here we need an addi-
tional equation dening the evolution of the loal urvature. However, for the homogeneous
perturbations (
∂
∂R
Ωf = 0, x ≡ x(t) = y(t)) using the ombination of the Einstein equations
G00 + G11 + 2G22 = κ(T 00 + T 11 + 2T 22 ) we obtain the motion equation without time-dependent
urvature [36℄:
x¨
x
= − 1
ρc
(3pde + ρde + ρm) , (39)
where the dust matter density is ρm = ρ
(0)
m x−3. Combining of the equation (39) and Friedmann
equations for the homogeneous Universe allows us to nd the evolution of the mass perturbation.
In the analysis of halo formation the moment of reahing of the dynamial equilibrium is
important. Aording to the virial theorem at this moment the kineti energy beomes Tvir =
−1
2
Um,vir+UΛ,vir. In the ΛCDM-model the energy onservation law T+Um+UΛ = E is obtained
by integration of the equation of motion (38), multiplied by xx˙. From this follows: T = 1
2
x˙2,
Um = −12Ωmx−1, UΛ = −12ΩΛx2 and E = 12Ωf . In models with the Λ-term the total energy is
onstant in time and at the reahing of the dynamial equilibrium is equal E = 1
2
Um,vir+2UΛ,vir.
Alternatively, at the turnaround moment, when x˙ = T = 0, the total energy is E = Um,ta+UΛ,ta.
From these equations we obtain nally:
1
2
Um,vir + 2UΛ,vir = Um,ta + UΛ,ta. This identity, valid
for the Λ-ase, doesn't hold for the dark energy, sine the temporal variation of the urvature
in the perturbed region gives E(tvir) 6= E(tta). In other words, expliit temporal dependene of
the dark energy density ρde(t) leads to the expliit dependene of the potential energy of this
omponent Ude(t, x) on time and  hene  to the expliit temporal dependene of the total
energy: E(t) = T (x˙)+Um(x)+Ude(t, x). It means that at dierent times we have dierent values
of the total energy. For estimation of the moment of reahing of the dynamial equilibrium for
the dark energy ase we use the equations (3.13)-(3.17) from [17℄. These equations desribe
the evolution of the spherially-symmetri perturbation with the arbitrary prole in the model
with dark energy. Assuming there Ωf = Ωf (t), x ≡ x(t) = y(t) and V ≡ V (t), we obtain the
equations for the homogeneous spherial loud. The additional ondition of homogeneity of
the dark energy (the equality of (3) and (3.17) from [17℄) gives the expression for V . Using
it together with (3.15) from [17℄ we obtain the equation desribing the temporal variation of
urvature:
Ω˙f = 3
(
a˙
a
− x˙
x
)
(1 + w)Ωdex
2. (40)
Combining of this equation with (38) leads to the energy onservation equation E(t) = T (x˙) +
Um(x) + Ude(t, x) in the following form:
x˙2
2
− 1
2
Ωm
x
− 1
2
Ωdex
2 =
1
2
Ωf . (41)
Really, it an be easily seen that dierentiating (41) with respet to time and using (3), (40) we
obtain (39). Combining it with (41) we get (38). Sine E = 1
2
Ωf , the equation (40) desribes
the temporal variation of the total energy. Using the virial theorem, for the moment of reahing
of the dynami equilibrium we write: E(tvir) =
1
2
Um,vir + 2Ude,vir. At the turnaround moment
we have: E(tta) = Um,ta + Ude,ta. Taking into aount that E(tvir) 6= E(tta), we obtain nally:
1
2
Um,vir + 2Ude,vir =
E(tvir)
E(tta)
(Um,ta + Ude,ta) . (42)
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This equality diers from used one in [20, 36℄ by fator E(tvir)/E(tta), whih, however, is lose
to unity.
Figure 3: The temporal dependenes of the loal urvature parameter hange
(Ωf (0)− Ωf(t)) /Ωf (0) for 3 dierent Ωf(0), whih orrespond to the redshifts of halo ollapse
zcol = 0, 1, 5.
The mentioned above density ontrast ∆c is dened as the ratio of the density of viri-
alised halo to the ritial one at the expeted moment of ollapse: ∆c = ρvir/ρc(tcol) =
Ωmx
−3
vir(H0/H(tcol))
2
. So, using the energy onservation law we nd:
4Ωde(tcol)x
3
vir + 2Ωf (tcol)xvir + Ωm = 0. (43)
We hoose the initial value of the urvature in the perturbed region Ωf (0) by setting the
moment of ollapse tcol. Unfortunately, in the salar eld plus CDM model the equation (41)
isn't symmetrial in time with respet to the moment of turnaround as it was for the ΛCDM-
model. Hene the relation between the quantities tcol and Ωf (0) must be established by the
numerial integration of the equations (40)-(41). It is interesting to see how the urvature
hanges in the models with dark energy plus CDM, sine in the ΛCDM-models it remains
onstant. In Fig.3 we show suh dependenes for 3 dierent initial values of the loal urvature
parameter, whih orrespond to the redshifts of halo ollapse zcol = 0, 1, 5.
The alulations of ∆c at the ollapse moment zcol in the ΛCDM-model (ΩΛ = 0.721,
Ωm = 0.279) and in salar eld plus CDM model (Ωde = 0.722, w = −0.972, Ωm = 0.278)
are presented in Fig.4. We see that the dierene between the values of ∆c in these models
is insigniant for all zcol. It means that dynamis of luster formation at all stages of their
evolution  from linear stage through ollapse up to virialization  is similar in the models with
both reonstruted quintessential salar elds if they are minimally oupled and have the same
density (Ωde) and EoS (w) parameters. Pratially, they are indistinguishable also from the
best-t ΛCDM-model, so, we onlude that these lasses of dark energy models are degenerate
with respet to their impat on dynamis of expansion of the Universe as well as formation of
its large-sale struture. The other salar eld models (with speial potentials, variable EoS
parameter, non-minimal oupling, spatial inhomogeneity et.) show similar but not so strongly
degenerate impat on the linear and non-linear stages of struture formation (see, for example,
[23, 26℄).
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Figure 4: The density ontrast ∆c at the ollapse moment zcol of spherial loud in the
Q(T)CDM- and ΛCDM-models.
4 Theoretial preditions and observations
In this setion we ompare preditions of the models with modern observational data on large-
sale struture of the Universe.
We have reonstruted the potentials of lassial and tahyoni salar elds for the model
with parameters Ωde = 0.722, w = −0.972, Ωm = 0.278, Ωb = 0.0467, h = 0.697, σ8 = 0.799,
ns = 0.962, taken from http://lambda.gsf.nasa.gov/produt/map (see also [16℄). For omputa-
tion of the CMB temperature and matter density utuations power spetra for TCDM-model
we have modied the CMBFAST-4.5.1 ode substituting the subroutines evaluating the lassi-
al eld perturbations by orresponding tahyoni ones. Here we used the homogeneous initial
onditions for dark energy.
The angular power spetra of CMB temperature utuations omputed for QCDM- and
TCDM-models are presented in the left panel of Fig.5. There are overlaped urves for perturbed
and unperturbed dark energy. For omparison the angular power spetrum of CMB temper-
ature utuations for ΛCDM-model with parameters Ωde = 0.721, Ωm = 0.279, Ωb = 0.0462,
h = 0.701, σ8 = 0.817, ns = 0.96 [16℄ is omputed and presented in the same gure. The
orresponding ve-year WMAP observational data [12, 24℄ are shown there too. We have
renormalized the omputed power spetra by tting them to all experimental points by χ2-
minimization proedure. The minimal χ2 in the ΛCDM-model equals 45.7, in the perturbed
QCDM- and TCDM-models it equals 44.1 and in unperturbed ones 43.9. So, the dierene
between them for 43 experimental points is statistially insigniant.
In the right panel of Fig.5 the power spetra of matter density perturbations
P (k) ≡< D(m) · D(m) > for the same models are shown. They are normalised to 5-year
WMAP data in the way explained above. The power spetrum obtained from the analysis of
the lustering of the luminous red galaxies in the Sloan Digital Sky Survey (SDSS LRG) [33℄ is
shown by dots. The model spetra we tted to observational one using sale independent bias
parameter b (P obs(k) = b2P (k)) by the χ2-minimization proedure. The dierenes between
χ2min of all 5 models are less than 1%, the best-t bias parameter b equals 1.22 for ΛCDM-model
and 1.24 for all salar eld plus CDM models analysed here.
Thus, the ΛCDM-model as well as the perturbed and unperturbed QCDM- and TCDM-
models an't be distinguished by urrent osmologial observational data.
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Figure 5: The CMB temperature (left) and matter density (right) utuations power spetra for
the models of Universe with dark energy: ΛCDM  solid line, QCDM  dashed, TCDM  dotted.
The urves for perturbed and unperturbed dark energy (QCDM and TCDM) overlap with
pratially the same best-t bias parameter (b = 1.24). The observational CMB temperature
and matter density utuations power spetra were obtained in the WMAP [24℄ and SDSS [33℄
projets. The amplitudes of the matter density utuations power spetra are normalised to
WMAP 5-year data.
Conlusion
The evolution of the salar perturbations is studied for the 2-omponent (dust matter and
minimally oupled dark energy) osmologial models at the linear and non-linear stages. The
dark energy omponent is assumed to be either lassial or tahyoni salar eld with the
potential reonstruted for the onstant EoS parameter.
The evolution of linear perturbations is similar for both types of Lagrangian. The small
dierene an be due to the generation of the intrinsi entropy of the elds, but in w = const-
ase it is almost the same for both types of dark energy as soon as the observational data prefer
the values of the EoS parameter lose to −1.
The salar elds studied here suppress the growth of matter density perturbations and the
magnitude of gravitational potential. In these models  unlike ΛCDM ones  suh suppression
is weakly sale dependent and doesn't depend substantially on the Lagrangian. Suh features
an be used for alulations of the matter density power spetrum at dierent redshifts and
of the power spetrum of CMB temperature utuations in the range of sale of the later
integrated Sahs-Wolfe eet and  as a result  for interpretation of the observable data in
order to identiate the nature of dark energy. However, the higher preision of the planned
experiments ould probably verify only whether the EoS parameter is−1 (ΛCDM-model) or not,
but shouldn't remove the degeneray of the dark energy models due to the type of Lagrangian
for w = const.
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